Abstract. Doxorubicin (DOX) is an anthracycline antibiotic and a quinone-containing chemotherapeutic drug used for various types of cancers. However, as with most anticancer drugs, it causes many toxic effects, one of them is cognitive impairment. The present study investigated the prophylactic and ameliorative effect of n-acetylcysteine (NAC) against DOX-induced neurotoxicity in rats. Rats were divided into four groups. Control group: rats received saline. NAC treated group: rats received NAC (100 mg/kg, p.o.) daily for 35 days. DOX-treated group: rats received DOX (4 mg/kg, i.p.) for four weeks on day 7, 14, 21 and 28. DOX+NAC treated group 1: rats received NAC (100 mg/kg, p.o.) daily for 35 days and DOX (4 mg/kg, i.p.) for four weeks on day 7, 14, 21 and 28). DOX+NAC treated group 2: rats received NAC (100 mg/kg, p.o.) daily started at the 7th day of the experiment till the end of the experiment and DOX (4 mg/kg, i.p.) for four weeks on day 7, 14, 21 and 28. The present results showed a significant reduction in the body weight, which was associated with a significant increase in brain to body weight ratio in DOX-treated rats. Tumor necrosis factor (TNF-α) level, malondialdehyde (MDA) and total protein levels were significantly elevated. Whilst, reduced glutathione (GSH) and glutathione peroxidase (GPx) levels were significantly decreased. Moreover, there were histopathological abnormalities in the brain tissue of DOX-treated rats, as most of the neurons degenerated and the blood vessels surrounded with wide perivascular spaces. In addition, the neuropil was vacuolated. The present study demonstrated that NAC has a neuroprotective effect on the brain damage induced by DOX, through inhibition of inflammation and oxidative stress. This neuroprotective effect was more pronounced in DOX+NAC treated group 1, as it produced a significant increase in brain GSH and GPx levels and more improvement in the histopathological abnormality compared to DOX+NAC treated group 2.
Introduction
Doxorubicin (DOX) is an anthracycline antibiotic and a quinone-containing chemotherapeutic drug, usually used for chemotherapy of breast cancer and other cancers [1] . The mechanism of DOX is chelating DNA, inhibiting topoisomerase II and producing large amounts of free radicals to kill cancer cells [2] . However, this mechanism of action is implicated in the toxicity of several non-targeted organs particularly the heart, kidney, and brain [3] and limits its dosage in cancer patients.
In addition, cognitive impairments were reported to have adverse effects on patients' daily activities [4] . Doxorubicin does not pass through the blood-brain barrier (BBB), so the decline in cognition occurs with its administration is attributed to the peripheral increase in the circulating tumor necrosis factor (TNF-α) [5] [6] [7] . TNF-α migrates across the BBB and activates glial cells to release large amounts of the local TNF-α in the cortex and hippocampus leading to inflammation and induced oxidative stress in the brain [8] . Thus, the increase in TNF-α level may be a reason for doxorubicininduced oxidative stress and its central nervous system injury [9] . Antagonizing circulating TNF-α with TNF-α antibody led to a manifest decrease in TNF-α levels and the observed mitochondrial dysfunction in brain tissues [5] .
NADPH-cytochrome P-450 converts DOX to its semiquinone radical, which then reoxidized and regenerated by oxygen producing superoxide anions. Increased level of superoxide anions elevates the circulating TNF-α level that can directly cross the BBB [10] .
N-Acetylcysteine (NAC) is an acetylated precursor of the amino acid L-cysteine [11] . It used as an antidote for paracetamol intoxication and as a mucolytic agent [12] . NAC is an important cellular antioxidant that decreases inflammation in various diseases. It is also a glutathione precursor and inhibits lipid peroxidation and proinflammatory cytokines [13] .
In addition, NAC has a wide spectrum of actions and different applications in multiple systems. It can pass through the BBB and cure brain dysfunctions and neuropathies. Also, it applied for the treatment of vascular and nonvascular neurological disorders and modulates glutamatergic, neurotrophic and inflammatory pathways [14] .
This study aimed to evaluate the potential protective and ameliorative effect of NAC against doxorubicininduced neurotoxicity in rats, through some of its antiinflammatory and antioxidant effects. Body weight of each rat was measured daily during the experimental period. The dose of the test drugs to be given was calculated daily based on the body weight of the experimental animals to ensure administration of the fixed dose.
Materials and Methods
At the end of the experiment, rats were weighted before euthanized by decapitation. Immediately, the brain was removed, washed with ice-cold phosphate buffer solution (pH 7.4), dried on filter paper and weighed. The brain tissue from each rat was divided for assessment of brain toxicity on biochemical and histopathological levels. Reduced glutathione was measured in the brain tissue homogenate by a colorimetric method as described by Beutler et al. [17] . The method was based on the reduction of 5,5' dithiobis (2-nitrobenzoic acid) with glutathione producing a yellow compound. The reduced chromogen directly proportional to GSH concentration and its absorbance was measured at 405 nm. GSH level was expressed in mg/g tissue.
Determination of glutathione peroxidase level.
Glutathione peroxidase was determined in the brain tissue homogenate by a colorimetric method as described by Paglia and Valentine [18] . GPx level was expressed in U/g tissue.
Determination of lipid peroxidation level.
Malondialdehyde level is an indicator of lipid peroxidation. MDA in the brain tissue homogenate was detected by a colorimetric method as described by Ohkawa et al. [19] . This method depends on the spectrophotometric measurement of the color produced during the reaction of a thiobarbituric acid with MDA. They react in an acidic medium for 30 min to form a thiobarbituric acid reactive product. The absorbance of the resultant pink product was measured at 534 nm. MDA level was expressed in nmol/g tissue.
Determination of total protein level.
Protein was determined by the method of Bradford [20] by using bovine serum albumin as a standard.
Histopathological studies.
Samples of the brain tissue were excised, fixed in 10% formal saline, dehydrated in ascending grades of ethanol, cleared in xylene and embedded in paraffin wax [21] . Sections (5 µm thick) were cut and stained with hematoxylin and eosin (H&E).
Statistical analysis of data.
Data were expressed as mean ± standard error (SE). Statistical difference between studied groups was analyzed using one-way analysis of variance (ANOVA). In cases where ANOVA showed significant differences, Tukey post hoc test was performed to compare the changes among individual groups. The difference was regarded as significant when P < 0.05. All statistical analyses were performed using SPSS statistical version 20 software package.
Results

General observation and mortality.
The general appearance of all groups was inspected during the study. In all DOX-treated groups, a red colored lesion was observed at the site of injection. Signs of general toxicity such as weakness, enlargement of the abdomen, red colored discharge around the nose and mouth were observed, and they were more extensive in the DOXtreated group than in DOX+NAC treated groups. Moreover, rats in the DOX-treated group showed decline in their feed and water consumption during the drug treatment period as compared to the control group. On the other hands, in the DOX+NAC treated groups, feed and water consumption increased as compared to the DOX-treated group.
The mortality rate in the DOX-treated group was high and reached 30%, while in DOX+ NAC2 the mortality rate was low and reached 10%. No mortality was recorded in both NAC treated and DOX+NAC1 groups.
Changes in body weight and brain weight to body weight
ratio. There was an insignificant change (P > 0.05) in the final body weight in the NAC treated group compared to the control group. On the other hand, the final body weight in DOX-treated group decreased significantly (P < 0.05) when compared to the control group. In DOX+NAC treated groups, the final body weight was increased but not statistically significant (P > 0.05) compared to the DOX-treated group (Table 1) .
The NAC treated group showed an insignificant change (P > 0.05) in brain weight to body weight ratio compared to the control group. The brain weight to body weight ratio in the DOX-treated group was significantly increased (P < 0.05) compared to the control group. The brain weight to body weight ratio in both DOX+NAC1 and DOX+NAC2 groups was significantly (P < 0.05) decreased compared to DOX group with an insignificant difference (P > 0.05) between them ( Table 2 ).
Changes in brain TNF-α level.
The levels of TNF-α in the brain tissue of the NAC treated group showed an insignificant change (P > 0.05) compared to the control group. On the other hand, the levels of TNF-α in the brain tissue was significantly increased (P < 0.05) in the DOX-treated group compared to the control group. Treatments of the rats with NAC plus DOX (i.e. DOX+NAC treated groups 1 and 2) produced a significant decrease in the brain TNF-α level compared to the DOX-treated group (P < 0.05), while no significant difference between the two groups (P > 0.05) was statistically detected (Figure 1 ).
Changes in brain GSH level. NAC treated group
showed an insignificant change (P > 0.05) in GSH level in the brain tissue compared to the control group. However, a significant decrease (P < 0.05) in the brain GSH level was recorded in the DOX-treated group compared to the control group. Animals treated with NAC plus DOX (DOX+NAC treated groups 1 and 2) showed a significant increase (P < 0.05) in the brain level of GSH compared to the DOX-treated group. Moreover, DOX+NAC1 produced a significant increase (P < 0.05) in the brain GSH compared to DOX+NAC2 (Figure 2 ).
Changes in brain GPx level.
Glutathione peroxidase level in the brain tissue of the NAC treated group showed an insignificant change (P > 0.05) compared to the control group. Moreover, the brain level of GPx was significantly decreased (P < 0.05) in the DOX-treated Each value represents the mean ± SE. Data were analyzed by one-way ANOVA followed by Tukey post hoc test. N = the number of animals in each group, NAC = n-acetylcysteine, DOX = doxorubicin, DOX+NAC1 = DOX+NAC treated group 1, DOX+NAC2 = DOX+NAC treated group 2. * Significant difference at P < 0.05 Vs. Control group.
Significant difference at P < 0.05 Vs. DOX-treated group. Each value represents the mean ± SE. Data were analyzed by one-way ANOVA followed by Tukey post hoc test. N = the number of animals in each group, NAC = n-acetylcysteine, DOX = doxorubicin, DOX+NAC1 = DOX+NAC treated group 1, DOX+NAC2 = DOX+NAC treated group 2. * Significant difference at P < 0.05 Vs. Control group.
Significant difference at P < 0.05 Vs. DOX-treated group.
group compared to the control group (Figure 3 ). NAC supplementation in both DOX+NAC treated groups 1 and 2 produced a significant elevation (P < 0.05) in the brain GPx level compared to the DOX-treated group. The results revealed that the DOX+NAC1 was more effective (P < 0.05) than DOX+NAC2 in the elevation of brain GPx level to reach near to the control level ( Figure 3 ).
Changes in brain lipid peroxidation level.
Compared to the control group, the NAC treated group showed an insignificant change (P > 0.05) in the brain MDA level. However, the brain MDA level of the DOXtreated group was significantly increased compared to the control group and to both DOX+NAC treated groups 1 and 2 (P < 0.05) (Figure 4) . Also, the results revealed that there was an insignificant difference between DOX+NAC1 and DOX+NAC2 (P > 0.05).
Changes in brain total protein level.
As shown in Figure 5 , the NAC treated group showed an insignificant change (P > 0.05) in the total protein level of the brain tissue compared to the control group. However, the total protein level in the brain homogenate were significantly increased (P < 0.05) in the DOX-treated group compared to the control group. But, the administration of NAC to DOX-treated rats resulted in a significant decrease (P < 0.05) in the total protein level. However, an insignificant difference (P > 0.05) between the two groups (DOX+NAC1 and DOX+NAC2) was recorded. 
: Effect of oral administration of n-acetylcysteine on the brain level of TNF-α in doxorubicin-induced neurotoxicity in rats.
Each value represents the mean ± SE. Data were analyzed by one-way ANOVA followed by Tukey post hoc test. NAC = n-acetylcysteine, DOX = doxorubicin, DOX+NAC1 = DOX+NAC treated group 1, DOX+NAC2 = DOX+NAC treated group 2. * Significant difference at P < 0.05 Vs. Control group. Significant difference at P < 0.05 Vs. DOX-treated group. normal brain architecture with the cortical neurons appeared with rounded vesicular nuclei that having prominent nucleoli. Also, the cortical neurons have slight basophilic cytoplasm and peripheral processes. The neuropil contained neuroglia and nerve fibers. The blood vessels with a narrow perivascular space ( Figure 6A ). The NAC treated group showed normal histological features as those found in the control group ( Figure 6B ). In the DOX-treated group, the brain tissue showed severe histopathological alteration as most of the neurons appeared shrunken with darkly stained pyknotic nuclei and surrounded by wide pericellular space (degenerated neurons). Blood vessels surrounded by wide perivascular spaces compared to the control group. Moreover, vacuolation of the neuropil was also observed in this group ( Figure 6C ).
Pretreatment with NAC revealed partial improvement as most of the neurons appeared similar to those of the control with decreased pericellular spaces, while others degenerated. Also, the histopathology revealed that DOX+NAC1 group showed more improvement than DOX+NAC2 ( Figure 6D and 6E).
Discussion
Doxorubicin is a well-confirmed and extremely effective antineoplastic agent. However, as with most anticancer drugs, it causes many toxic effects, one of them is cognitive impairment [10] . Oxidative stress, inflammation, and apoptosis have an important role in DOX-dependent toxicity [22, 23] .
This research showed that administration of 4 mg/kg of DOX (i.p.) once a week for four weeks on day 7, 14, 21 and 28 caused a brain toxicity and administration of NAC at a dose of 100 mg/kg (p.o.) was able to protect against inflammation and oxidative stress induced by DOX administration. To the best of our knowledge, this is the first study that revealed NAC potency as a neuroprotective agent by preventing inflammation and oxidative stress in DOX-induced brain damage. Each value represents the mean ± SE. Data were analyzed by one-way ANOVA followed by Tukey post hoc test. NAC = n-acetylcysteine, DOX = doxorubicin, DOX+NAC1 = DOX+NAC treated group 1, DOX+NAC2 = DOX+NAC treated group 2.
* Significant difference at P < 0.05 Vs. Control group. Significant difference at P < 0.05 Vs. DOX-treated group.
• Significant difference at P < 0.05 Vs. DOX+NAC2 treated group.
In the present study, rats of the DOX-treated group appeared weak with evident of ascites. Necrosis was also observed at the site of DOX injection. These observations were analogous to the study of Jambhulkar et al. [24] . The administration of NAC together with DOX in both DOX+NAC1 and DOX+NAC2 groups did not prevent the occurrence of these side effects but they were less pronounced.
Moreover, mortality was observed in the DOXtreated group (30% mortality). In other DOX studies, mortality was ranged from 30-60% [24, 24, 26] . The administration of NAC with DOX in the present study decreased the toxic effect of DOX which indicated by mortality reduction to be 10% and 0% in DOX+NAC2 and DOX+NAC1 groups, respectively. Furthermore, in the present study, regardless the presence of ascites, there was a significant decrease in the final body weight in the DOX-treated group compared to the control group which may be due to diminishing animals' food intake. Increase brain weight to body weight ratio of the DOX-treated group, in the present study, may be attributed to brain edema resulting from inflammation and oxidative stress [27] . The administration of NAC with DOX in the present study improved the effect of DOX on body weight and on brain weight to body weight ratio.
To evaluate the role of NAC in preventing the brain damage induced by DOX administration, this research conducted the analysis of brain TNF-α, GSH, GPx, MDA and total protein levels. Moreover, a histopathological study was performed.
Tumor necrosis factor -α is a cytokine that has a role in immune response as a reaction to several stresses. Also, it is the cause of cognitive damage in neurodegenerative diseases and stimulates the inflammatory response, which causes many of the clinical problems [9] . Each value represents the mean ± SE. Data were analyzed by one-way ANOVA followed by Tukey post hoc test. NAC = n-acetylcysteine, DOX = doxorubicin, DOX+NAC1 = DOX+NAC treated group 1, DOX+NAC2 = DOX+NAC treated group 2.
The present study found an increase in the TNF-α level in the brain tissue of DOX-treated group compared to the control group. This observation agreed with the results of Kuzua et al. [23] who reports a significant increase in TNF-α level in both heart and brain tissues after DOX administration. Moreover, Abdel-Daim et al. [28] demonstrated that DOX induced an acute inflammatory reaction, evidenced by elevation in the serum of TNF-α level. Increase brain TNF-α level was due to the increase in the level of circulating TNF-α which crosses the BBB and activates glial cells to produce more TNF-α which leads to mitochondrial damage [29] . Moreover, increasing the TNF-α level played a role in chronic inflammation, which leads to neuronal death and neurodegenerative diseases. Therefore, the elevation in TNF-α level may be the linkage between DOX-induced oxidative stress and central nervous system damage [9] .
The increased level of reactive oxygen species (ROS) can be expressed by a decrease in GSH level [30] .
According to the results obtained from the current study, there was a massive decrease in the brain GSH level in the DOX-treated group compared to the control group. GSH is an intracellular non-enzymatic antioxidant and one of the most important scavengers of free radicals. Also, it is a co-factor of many detoxifying enzymes against oxidative stress as GPx and glutathione reductase [30] [31] [32] .
In the present study, GSH depletion may cause a weakening in the cell defense that may lead to tissue injury. GSH is utilized as a substrate for GPx activities, therefore, its deficiency, in the present study, might be the cause of decreased GPx activities.
Glutathione peroxidase converts H 2 O 2 and organic hydroperoxides to less reactive products [33] . Hence, it is hypothesized that the decrease in the GPx activity might cause the H 2 O 2 accumulation and a further inactivation in its activities [34] . Consequently, the brain becomes even more susceptible to oxidative processes. Each value represents the mean ± SE. Data were analyzed by one-way ANOVA followed by Tukey post hoc test. NAC = n-acetylcysteine, DOX = doxorubicin, DOX+NAC1 = DOX+NAC treated group 1, DOX+NAC2 = DOX+NAC treated group 2.
In this study, the MDA level in the brain tissue of the rats was measured as a reference to the neurotoxic effect of DOX. The results revealed that administration of DOX significantly increased the MDA level and this finding was closely similar to those observed by other studies [9, 28, 29, 35] . Elevated MDA level in DOX group suggests enhanced lipid peroxidation leading to brain tissue damage and inability of antioxidant defense mechanisms to prevent the free radical attack. Furthermore, the decrease in GSH levels might diminish the overall antioxidant potential resulting in the increase of lipid peroxidation following DOX administration [36] .
Increased level of brain total protein concentration may be attributed to oxidative stress and depletion of the intrinsic antioxidant machinery [24] .
The histopathological analysis also confirmed that DOX produced gross structural abnormalities in brain tissue, which was in line with Ramalingayya et al. [37] .
The main mechanism of DOX action is chelating DNA, inhibiting topoisomerase II and then producing free radicals to kill tumor cells [2] . As a result, it produces massive amounts of reactive oxygen species (ROS) in defense against solid tumors and this mechanism of action is involved in the toxicity of several non-targeted organs [38] . Moreover, the quinone in DOX undergoes a one-electron reduction to produce a semiquinone, which in turn react with molecular oxygen and provide other ROS [39] .
In the present study, NAC alone has no significant effect on all biochemical and histopathological findings in the brain of normal rats. However, it significantly prevented all DOX-induced brain injuries possibly due to its anti-inflammatory and neuroprotective effects [40] . The administration of NAC produced a statistically significant decrease in TNF-α level compared to the DOX group, which agreed with the results of Saleh [41] who reported that NAC in a dose of 75 mg/kg and 600 mg/kg improved neurological functions, prevented brain inflammation and oxidative stress responses in aspartame-induced neurotoxicity. Also, Palacio et al. [13] revealed that NAC inhibits the inflammatory cytokines TNF-α, IL-1b and IL-6 Figure 5 : Effect of oral administration of n-acetylcysteine on the brain level of total protein in doxorubicin-induced neurotoxicity in rats. Each value represents the mean ± SE. Data were analyzed by one-way ANOVA followed by Tukey post hoc test. NAC = nacetylcysteine, DOX = doxorubicin, DOX+NAC1 = DOX+NAC treated group 1, DOX+NAC2 = DOX+NAC treated group 2.
in lipopolysaccharide-activated macrophages cell line under mild oxidative conditions. NAC prevents the generation of TNF-α through inhibition of the transcription factor NF-kappa B and by increasing the intracellular levels of GSH which acts as an antioxidant [11, 42] . N-acetylcysteine is known to be an antioxidant [43] , and this concept is supported by the present finding that administration of NAC produced a statistically significant increase in GSH and GPx levels. The uniqueness of NAC is most probably due to its serving as a precursor of L-cysteine for GSH synthesis [11] and supplying GSH for GSH-Px-catalysed reactions [44] . Therefore, inhibition of cysteine uptake causes cellular glutathione to decrease and cellular oxidant to accumulate leading to cell death [45] . The normalization of MDA following NAC treatment is very likely due to its antiperoxidative properties [36, 43] , as the presence of acetyl and sulfhydryl groups makes NAC an effective inhibitor of lipid peroxidation [36] .
Generally, the present biochemical findings were strongly supported by histopathological changes in brain tissue, as NAC treatment reduced the histopathological abnormalities induced by DOX in the brain tissues. These findings agreed with Saraswathy et al. [15] who revealed that NAC in a dose of 100 and 200 mg/kg protected the brain tissue against phenytoininduced brain damage. Moreover, Abdel-Daim et al [46] confirmed that NAC by its antioxidant power improved the histopathological abnormalities induced by fipronil in hepatic and renal tissues.
In conclusion, the results of our study showed that nacetylcysteine by its anti-inflammatory and antioxidant properties might play an important role in the protection against doxorubicin-induced neurotoxicity in rats. Also, n-acetylcysteine not only could improve the neurotoxicity of doxorubicin but also its administration before the beginning of the chemotherapeutic agent (in DOX+NAC treated group1) provided a more benefit as it produced a significant increase in the brain GSH and GPx levels and more improvement in the histopathological abnormalities of the brain tissue.
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